I Introduction
Vegetation communities play a range of roles in reducing -or in some cases increasing -soil erosion rates in almost every climatic zone. General overviews of the interaction between vegetation and soil erosion are given by Thornes (1990) and by Morgan (1996) . As vegetation influences soil erosion rates significantly, soil erosion models include a vegetation factor (e.g., Wischmeier and Smith, 1978; Knisel, 1980; Thornes, 1985; Kirkby and Neale, 1987; Flanagan and Impact of plant roots on the resistance of soils to erosion by water: a review 190 
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Nearing, 1995; Morgan et al., 1998) . From a hydrological point of view, plants reduce soil erosion rates by intercepting raindrops, enhancing infiltration, transpiring soil water, providing additional surface roughness, and adding organic substances to the soil (e.g., Viles, 1990; Morgan, 1996) . Given the importance of vegetation for reducing soil erosion, the protective effects of plant covers are often used in soil conservation practices on agricultural fields or construction sites and are the subject of numerous research projects. Figure 1A compares the relationships between vegetation cover and soil detachment by splash, relative to splash detachment of a bare soil, extracted from different studies. Table 1A provides the basic equations. Two trends can be observed Figure 1 (A) Comparison of equations describing the influence of vegetation cover (C, %) on relative soil detachment by splash (Sr, relative to splash detachment for bare soil). In fact, these curves reflect the combined effect of both above-ground (stems and leaves) and below-ground (roots) biomass. Graph numbers correspond to data source listed in Table 1A . Er ϭ soil erosion, relative to soil erosion on bare soil. (B) Comparison of equations describing the influence of vegetation cover (C, %) on relative soil erosion rates (Er, relative to erosion on bare soil) for sheet and rill erosion. In fact, these curves reflect the combined effect of both above-ground (stems and leaves) and below-ground (roots) biomass. Graph numbers correspond to data source listed in Table 1B (continued) (Figure 1A) : a linear and an exponential decrease in relative splash detachment (Sr) with increasing vegetation cover (C, %), according to the following equations:
Sr ϭ 1 -a . C
and Sr ϭ e ϪbC (1b)
where a, b ϭ constants. Ranges and averages for a-and b-values can be found in Table 2 . Table 1B provides a summary of selected studies dealing with the relationship between vegetation cover and soil loss by interrill and rill erosion. Most equations indicate a decreasing soil loss with increasing vegetation cover (C, %). A comparison of these relationships was made in Figure 1B after transforming absolute soil erosion values into relative erosion values (Er). An exponential equation best describes the relationship between vegetation cover (C, %) and relative soil loss (Er):
Er ϭ e Ϫb C
where b ϭ constant. The coefficient b of the equations (1b) and (1c) indicates the effectiveness of the vegetation cover in reducing relative splash, interrill and rill erosion rates (Poesen et al., 1994) . The average b-value for splash is 0.0348 and for interrill and rill erosion b equals 0.0492 (Table  2 ) (the equation of Dadkhah and Gifford, 1980 , was excluded because it had a different mathematical equation). As these studies describe the vegetation-erosion process in very diverse environmental conditions, they indicate the universal character of this relationship.
G. Gyssels et al. 191 Figure 1 Continued Table 1A Selected studies describing the relationship between vegetation cover (C, %) and soil detachment by splash (S). Numbers refer to graphs in Figure 1A . In fact, equations corresponding to graph numbers 3, 4, 5 and 7 reflect the combined effect of both above-ground (stems and leaves) and below-ground (roots) biomass. For comparison, RUSLE equations for the canopy-cover subfactor (CC) and surfacecover subfactor (SC), predicting relative interrill and rill erosion rates (Er), are given as well. Sr ϭ splash detachment, relative to splash detachment for bare soil; H ϭ height of plant cover; Ru ϭ surface roughness (inch) as defined in the RUSLE 1B Selected studies describing the relationship between vegetation cover (C, %) and soil loss by sheet and rill erosion. Numbers refer to graphs in Figure 1B . In fact, these equations reflect the combined effect of both above-ground (stems and leaves) and below-ground (roots) biomass. Er ϭ erosion, relative to erosion of a bare soil; E ϭ erosion; I ϭ rainfall intensity These relationships all attribute the soil loss reduction to the above-ground biomass of the vegetation, whereas in reality the measured soil loss reduction results from the combined effect of roots and aboveground biomass on soil erosion. Partly, this bias exists because of a methodological difficulty. Excavating the plant root system in the field and extracting the roots out of the soil samples in the laboratory is a laborious and time-consuming task. But roots are an essential part of plants. Consequently, the question can be raised as to whether roots also control soil erosion rates and, if so, to what extent. Therefore, the objective of this paper is to review the influence of root characteristics on the resistance of soils to erosion by water and to evaluate whether it is possible to dissociate the effects of roots from canopy cover. Since roots are the hidden parts of plants, some introductory notes on plant root characteristics are presented first.
II Morphological and functional aspects of plant roots
Basic research about plant roots is very extensive, and is treated in different handbooks (e.g., Esau, 1977; Russell, 1977; Gregory et al., 1987; Glinski and Lipiec, 1990; Salisbury and Ross, 1992; Waisel et al., 1996) . A brief overview of some important root characteristics is given below.
As different root types exist, different root classification systems have been developed. Often these classifications depend on the size and the number of the individual roots as well as on their origin (e.g., fibrous roots, storage roots, tap roots -Cannon, 1949; Glinski and Lipiec, 1990; Guerrero-Campo and Fitter, 2001 ). The developmental classification is the most useful (Waisel et al., 1996) . In short, the roots of plants mostly consist of seminal roots which are attached to the seed and, more important in terms of size, distribution and longevity, adventitious roots which grow from internodes (Langer and Hill, 1991) . Roots arising from other roots are called laterals (secondary, tertiary, etc.) (Waisel et al., 1996) . Much of the variation in root size and form can be explained by phenotypic response to the environment (Guerrero-Campo and Fitter, 2001 ), or as adaptations that promote the performance of the main functions of root systems: absorption of water and minerals from the soil, anchorage, storage of nutrients produced by the leaves and propagation (Fitter, 1996) .
Roots and shoots are part of the same organism, and a very close relationship between both exists (Russell, 1977) . The indicator of the balance between these two parts of plants is the root-to-shoot ratio (R:S). This mass ratio depends on the stage of the plant development, the growth conditions, the kind of plant (e.g., beetroot 3.06, barley 0.25) and the genotype (Glinski and Lipiec, 1990) . During vegetative growth the R:S of most plants shows a logarithmic increase under constant environmental conditions (Russell, 1977) . The pattern and size of root systems are also related to Raunkiaer's life forms, the plant's ecological strategy and seed size (Guerrero-Campo and Fitter, 2001 Ryan (1995) and Turkelboom et al. (1997) show that soil loss in newly prepared fields is generally very small in the first year after clearing, as the roots of the fallow vegetation create stable aggregates, but increases rapidly afterwards as the roots decay and aggregates break down. The effect of living roots on soil structural stability depends on the plant species. Monocotyledonous plants are superior to dicotyledonous plants and grasses are better than cereals in stabilizing aggregates, because the former contain a much larger root biomass with exudates (Glinski and Lipiec, 1990; Amezketa, 1999) . Maize and tomato, on the other hand, can decrease soil aggregate stability by chelating iron and aluminium, thus destroying chemical bonds with organic matter (Reid and Goss, 1987; Glinski and Lipiec, 1990) . But, in general, it is found that plant roots significantly increase the soil's structural stability, and thus decrease the soil's erodibility (Li et al., 1992a) .
2 Infiltration capacity Plant roots penetrating the soil leave macropores that improve water movement and gaseous diffusion. They contribute to the system of continuous pores in the soil and enhance the infiltration capacity of the soil (Glinski and Lipiec, 1990) . The study by Li et al. (1992b) indicates that soil infiltration increases because plant roots improve the noncapillary porosity of the soil and promote the formation of water-stable aggregates of 2-5 mm and Ͼ5 mm in diameter. A higher soil infiltration capacity reduces the volume of surface run-off and consequently soil erosion.
3 Soil bulk density Roots growing in the soil occupy space that was previously occupied by soil pore space and soil particles. Since root diameter is usually larger than soil pores, soil particles are pushed aside and the bulk density of the soil up to 8 mm near the root increases (Glinski and Lipiec, 1990) . However, fine roots less than 1 mm in diameter can significantly decrease the bulk density of the soil and increase the soil porosity (Li et al., 1992b; 1993) . This effect depends on the root diameter and the nature of the soil. To be of considerable effect for a change in the global resistance of a soil to erosion, it is generally thought that a large number of roots should be present in G. Gyssels et al. 195 the topsoil, but this still needs to be investigated.
4 Soil texture, organic content and chemical composition Texture, organic content and chemical composition of a soil are important because of their influence on soil aggregate stability (Morgan, 1996) . Sakkar et al. (1979) reported modifications in particle size distribution and composition of the clay fraction within the rhizosphere around French bean roots. They attributed the changes in texture and mineralogy to an intensified weathering of the soil materials in the vicinity of the plant root. Yet these changes are of minor importance for the resistance of soils to erosion. Preferential uptake of ions or water by roots leads to depletion or accumulation profiles of ions. Examples of this are depletion zones of phosphorus and potassium or the accumulation of sodium and chlorine (Glinski and Lipiec, 1990; Pojasok and Kay, 1990) . Roots also have a positive effect on soil aggregation by supplying decomposable organic residues to the soil, supporting a large microbial population in the rhizosphere and providing food for soil animals (Tisdall and Oades, 1982; Amezketa, 1999) .
IV Mechanics of soil reinforcement by plant roots
It is only recently that the shear strength of a soil has been recognized as a determinant of its resistance to erosion (Morgan, 1996) . Yet from the start of slope stability research it was clear that vegetation roots were of substantial importance for soil reinforcement. Therefore, a separate section will be dedicated to review the mechanical influence of plant roots on soil reinforcement.
1 Root effects on soil shear strength The shear strength of a soil is a measure of its cohesiveness and resistance to shearing forces exerted by gravity, moving fluids and mechanical loads (Morgan, 1996) . Soil is strong in compression, but weak in tension. Plant roots are weak in compression, but strong in tension. When combined, the soil-root matrix produces a type of reinforced earth which is much stronger than the soil or the roots separately (Simon and Collison, 2001 ). Thus, roots reinforce the soil (Anderson and Richards, 1987) . This conclusion was found independently by different researchers (Gray and Leiser, 1982) , and gave birth to a general root reinforcement model for slopes, based on the law of Mohr-Coulomb.
Root systems contribute to soil strength by providing artificial cohesion (Cr). Roots and rhizomes of plants bind the soil and introduce extra cohesion over any intrinsic cohesion that the soil material had. Roots increase the effective cohesion of the soil (CЈ) but not the effective angle of internal friction (Ј). In a root-permeated soil the Mohr-Coulomb equation can be modified to include the extra cohesion by roots (Gray and Leiser, 1982) :
where S ϭ maximal shear strength (or shear stress at failure) (Pa); CЈ ϭ effective cohesion (Pa); Cr ϭ cohesion due to roots (Pa); ϭ normal stress (or shear stress) (Pa); ϭ porewater pressure (Pa); Ј ϭ angle of effective shearing resistance (effective internal friction) (Њ).
The increase in soil strength due to the presence of roots is a function of root tensile strength, areal density and root distortion during shear (Wu et al., 1979) :
where T r ϭ total tensile strength of roots (Pa); T r ϭ ⌺tensile stress of roots, accounted for different diameters; A r /A ϭ area of shear surface occupied by roots per unit area (rootarea ratio); A ϭ soil cross-section considered (m 2 ); ␤ ϭ shear distortion from vertical (Њ); Ј ϭ friction angle of soil (Њ).
Since the term (cos ␤ tan Ј ϩ sin ␤) is relatively insensitive to changes in ␤ 196 Impact of plant roots on the resistance of soils to erosion G. Gyssels et al. 197 and is close to 1.2 for a large range of Ј', it is acceptable to write for a given soil (Wu et al., 1979) :
Accordingly, the predicted shear strength increase depends entirely on the tensile strength of the roots and the root-area ratio. The tensile strength of roots has been investigated by a number of researchers and, although the testing procedure is timeconsuming and difficult, a sizeable amount of root-strength data of different vegetation species has been collected (see Anderson and Richards, 1987) . Root tensile strength is highly variable, with typical values of thousands to millions of Pa. There is a nonlinear inverse relationship between root diameter and strength, with smaller roots contributing more per unit area (Greenway et al., 1984) . Small roots appear to be more effective than larger roots, and roots extending uphill are stronger (tensile) than those extending downhill (compression) (Schiechtl, 1980) . However, although stronger per unit area than larger roots, large numbers of small roots still may lack sufficient total area to contribute significantly to increases in Cr (Simon and Collison, 2001) . Schenk and Jackson (2002) recently published a study discussing the variability of rooting depths at a world scale. From this excellent review it is clear that rooting patterns and rooting depths are conditioned by climatic factors and prevalent life form (forest, prairies, etc.) Data reported by Martinez-Fernandez et al. (1995) also indicate that land use controls rooting properties. An example is given in Figure 2 . Their findings have some important implications for soil erosion rates. Root density is highest in topsoils and decreases exponentially with soil depth. Consequently, bearing in mind that root reinforcement extends only down to the rooting depth of the vegetation, plant roots will have the largest effect on erosion resistance in the top layer of soils. The rooting effects on soil erosion by concentrated flow of species with a shallow but dense network (e.g., meadows) will be larger than the effects of deep rooted species (e.g., deciduous forest). From a soil erosion point of view grasses are the best option for root reinforcement purposes, followed by shrubs and finally trees, according to the depth where 95% of the roots (as reported by Schenk and Jackson, 2002) are encountered.
2 Root permeated soil cohesion measurements The type of the relationship between soil cohesion (shear strength) and root parameters is not well known. Positive linear relationships between the increase in soil shear strength and the root area ratio of barley roots have been obtained by Waldron (1977) in a silty clay loam soil, and by Ziemer (1981) between shear strength and root biomass of Pinus cordata in a sand soil. Also Tengbeh (1993) found that Loretta grass (Lolium perenne) increased the cohesion of the soil (c, kPa) as a function of root density (RD, kg m Ϫ3 ) in a linear way (Figure 3 ). His experimental data clearly showed that the root effect on soil cohesion is strongly conditioned by moisture content and by soil texture.
Sidorchuck and Grigorev (1998) compared cohesion values of bare soils (Co) and of soils with tundra vegetation roots (Cr), having a root diameter smaller than 1 mm. The ratio Cr/Co fits an exponential increasing curve, corresponding to:
Cr/Co ϭ e 0.05 RD (5) where Cr ϭ cohesion of root permeated soils (10 5 Pa); Co ϭ cohesion of root free soils (10 5 Pa); RD ϭ root density (g 100 Ϫ1 cm Ϫ3 , over a depth of 5 cm). The relationship of Sidorchuck and Grigorev (1998) is compared with the data from Tengbeh (1993) in Figure 4 . Compared to Tengbeh (1993) , Sidorchuck and Grigorev (1998) worked with lower root densities and obtained larger strength ratios. Tengbeh (1993) indicates an increasing linear trend, whereas Sidorchuck and Grigorev (1998) obtain an exponentially increasing trend. Yet the comparison can be troubled by the fact that Tengbeh (1993) used laboratory-grown grass plants whereas Sidorchuck and Grigorev (1998) 95% of the total root mass of toendra vegetation lie within a soil depth of 30 cm and 50% within 9 cm soil depth. For grasses (meadows) these values are 40 and 5 cm respectively. In addition, they used different measuring devices: Tengbeh (1993) used a 19 mm hand-held direct shear tester, whereas Sidorchuck and Grigorev (1998) measured with a hydraulic jet device.
V Interrelationship between soil erosion and vegetation
Some authors (e.g., Thornes, 1990; Sanchez and Puigdefabregas, 1994) have emphasized the importance of the reciprocity of the relationship between vegetation and soil erosion. Vegetation controls soil erosion by means of its canopy, roots and litter components, but erosion also influences vegetation in terms of composition and structure of the plant community as well as growth pattern. These authors provide evidence of this dynamic interaction mainly for the canopy (aboveground biomass). Guerrero-Campo (1998) points to the fact that, besides the canopy, root characteristics are also affected by the erosion rates. This study shows that in highly eroded areas (Aragon, Spain) plant species with roots between 50 and 100 cm depth are the most abundant and the least affected by soil erosion processes because of their ability to absorb water and nutrients from the soil during the dry season.
VI Plant root effects on soil erosion by water
Compared to the focus on the vegetation cover in many erosion assessment studies, little information is present about the effects of the plant root system on water erosion rates. Table 3 summarizes studies describing the relationship between a soil erosion parameter and a plant root parameter for different erosion processes.
G. Gyssels et al. 199 1 Splash and interrill erosion Ghidey and Alberts (1997) stated that the dead root mass of alfalfa, Canada bluegrass, corn and soybeans did not significantly influence splash for a silt loam soil in their rainfall simulation experiment, although they found that roots had a significantly stabilizing effect on aggregate stability. As they explain, roots may have stabilized the soil aggregates, but these stabilized aggregates were not strong enough to sustain the impact of the raindrops.
Interrill erodibility was measured by Bui and Box (1993) in their study on the effect of different root length densities of corn (Zea mays L.) in a sandy loam soil during different plant stages. They cut the corn plants at the stem base, simulated rain on the soil surface and collected run-off and sediment. From their experiments they concluded that corn canopies offered more protection than their roots against interrill erosion, and that even high densities of live corn roots did not have a stabilizing effect against interrill soil erosion.
Contra to Bui and Box (1993) , Ghidey and Alberts (1997) found significant differences in soil interrill erodibility for a root permeated silt loam soil in their laboratory rainfall simulation experiment. They used topsoils with dead roots of alfalfa, Canada bluegrass, corn and soybeans. Interrill soil erodibility parameters (sediment concentration and run-off volume) from perennial crops were significantly lower than those from the annual row crops, but the differences in interrill values among the crops were small compared to the differences in root mass and length.
200 Impact of plant roots on the resistance of soils to erosion Figure 4 Comparison of data on shear strength (S, kPa) and cohesion (C) for topsoils with different root densities (RD, kg m Ϫ3 ) collected by Tengbeh (1993) and Sidorchuk and Grigorev (1998; see equation (5)). Tengbeh measured shear strengths of soils with laboratory-grown grass roots (Sr) and of bare soils (So) at different gravimetric soil moisture contents (w, g g Ϫ1 ) using a hand-held direct vane shear tester. Sidorchuk and Grigorev (1998) used a hydraulic jet device to measure cohesion of soils with toendra roots (Cr) and of bare soils (Co) in the field 
where Ki ϭ interrill soil erodibility (kg s m Ϫ4 ); dead RD ϭ dead root density in 15 cm topsoil (kg m Ϫ2 ); dead RLD ϭ dead root length density in 15 cm topsoil (km m Ϫ2 ). Figure 5 (A and B) illustrates these equations after RD and RLD have been converted from kg m Ϫ2 and km m Ϫ2 to kg m Ϫ3 and km m Ϫ3 , respectively.
Concentrated flow erosion (rill and (ephemeral) gully erosion)
A study by Mamo and Bubenzer (2001a; 2001b) combined laboratory experiments in a hydraulic flow channel and field studies using an artificially created channel to determine the influence of living plant roots on soil detachment rate under concentrated flow conditions. Figure 6 summarizes their results from both laboratory (ryegrass) and field measurements (corn and soybean) on silt loam soils. For each crop, rill erodibility and soil detachment rates decreased exponentially with root length densities, but rye grass experienced more soil detachment at low root length densities than the two other crops at the same root length densities. There is a difference in soil detachment rate in the order of magnitude of a factor 10 between laboratory and field conditions. Rill erodibility depends on the type of plant species, and a marking difference exists between field and laboratory grown crops.
On the Chinese Loess Plateau, Li et al. (1991) measured soil detachment by rills using a hydraulic flume on in situ field plots, in order to asses the impact of the roots of three plant species: Pinus tabulaeformis (a needle-leafed tree), Hippophae rhamnoides (a shrub) and grasses. When plotted on a relative scale, once more an exponentially decreasing trend can be observed (Figure 7) . The root pattern of Hippophae rhamnoides seems to provide the least erosion resistance to the soil at high root densities, but the best at low root densities. This leads to the conclusion that the effects of plant roots on increasing the resistance of the soil to concentrated flow erosion mainly depend on the presence and distribution of 'effective' roots (i.e., roots with a diameter less than 1 mm) in the top 50 cm of the soil (Li et al., 1991) . According to Li et al. (1992a) and Li (1995) , plant roots reduce concentrated flow erosion because they increase the resistance of the soil, enhance soil permeability and improve soil physical properties.
Field measurements of concentrated flow channel cross-sections with different root densities of cereals and grasses in the loess Belt of Central Belgium (Gyssels and Poesen, 2003) indicate that rill and ephemeral gully erosion decreases exponentially with increasing root densities, in a similar way as does vegetation cover, but no regression equation is provided. The authors highlight that the exponential decline in soil erosion as measured in different erosion studies is probably the result of the combined effect of roots and shoots on soil erosion. Sidorchuk and Grigorev (1998) were able to link critical flow velocities for soil detachment with tundra root properties for different soils. Figure 8 , summarizing their results, shows that, apparently, below a critical root mass no effect of roots on critical flow velocity and therefore on the erosion rate is present. This is in sharp contrast to all the other studies, described earlier.
VII Plant root effects in soil erosion models
Several soil erosion models have been developed that incorporate plant root effects. Here, we investigate how this was achieved.
1 USLE (universal soil loss equation) Wischmeier (1975) was the first to indicate that roots in the topsoil influence soil erosion. He provided curves for correcting the residual Table 3 Overview of studies describing the relationship between a soil erosion and a plant root parameter for different erosion processes (excluding the effects of above-ground biomass). RD effects of land use for the root network of weeds and grasses in the topsoil. The curves described an exponential decline in soil erosion with increasing root density. Although the curves were based on estimations, Wischmeier (1975) reported that they were consistent with field observations. Dissmeyer and Foster (1985) used these curves for correcting the USLE equation for forested land. They judged that fine tree roots were similar to grass roots (lateral rooted vegetation) and that broadleaf weeds were tap rooted. Although this assumption does not hold everywhere, the graphs indicated that soil erosion decreases exponentially with an increase in soil surface occupied by fine roots, 204 Impact of plant roots on the resistance of soils to erosion
Figure 5
Relative interrill erodibility as function of (A) dead root density (dead RD, kg m Ϫ3 ) and (B) dead root length density (dead RLD, km m Ϫ3 ) in upper 15 cm of soil calculated using equations (6a) and (6b) Source: based on Ghidey and Alberts (1997) .
Figure 6
Rill soil erodibility (Kr) as influenced by root length densities (RLD, km m Ϫ3 ) for laboratory-grown rye grass and for field-grown agricultural crops (corn, soybean). Rye grass was sown for 6 weeks (Ͼ6 w) and for 8 weeks (Ͼ8 w) before testing. Root sampling depth was 15.2 cm for rye grass and 7.62 cm for corn and soybean Source: based on Mamo and Bubenzer (2001a; 2001b) .
Figure 7
Relative rill soil erosion rates as measured with a rainfall simulator on erosion plots on the Chinese Loess Plateau as function of root density (RD) for three plant species: Pinus tabulaeformis, Hippophae rhamnoides and grasses. Root sampling depth was 10 cm Source: based on Li (1995) .
and that this effect is more explicit in the case of lateral roots (Figure 9 ), because lateral roots form an important network that reinforces the cohesion of the soil.
2 RUSLE (revised universal soil loss equation) An effort was made in the framework of the revision of the empirical USLE (Wischmeier and Smith, 1978) to incorporate the effects of roots on the intrinsic properties of the soil. In the RUSLE (Renard et al., 1997) two out of five subfactors of the C-factor (cover management factor) deal with the root mass effects for calculating rill and interrill erosion at the plot scale: i.e., the subfactor influencing the roughness of the soil surface (SR) and the prior land use of the soil (PLU). The C-factor is calculated using soil loss ratios for different time periods of the year over which the important parameters can be assumed to remain constant. Soil loss ratios are computed as:
where SLR ϭ soil loss ratio (ranges from 0 to 1); PLU ϭ prior land use subfactor (0-1); CC ϭ canopy-cover subfactor (0-1); SC ϭ surface-cover subfactor (0-1); SR ϭ surface-roughness subfactor (0-1); SM ϭ soil-moisture subfactor (0-1).
In the prior land use subfactor (PLU) the amounts of roots and subsurface residue of the harvested crops are used to calculate the impact on interrill and rill erosion rates. The effects of living roots and buried crop rests take two forms. First, roots and residue can control erosion directly by physically binding soil particles together and by acting as mechanical barriers to soil and water movement. Secondly, roots and residue exude binding agents and serve as food source for micro-organisms that produce other organic binding agents. These serve to increase soil aggregation and thereby reduce the soil's susceptibility to erosion. The relationship shows an exponential decrease in soil loss by interrill and rill erosion with increasing root density 206 Impact of plant roots on the resistance of soils to erosion G. Gyssels et al. 207 ( Figure 10 ), according to the equation (Renard et al., 1997) :
where Cf ϭ surface-soil-consolidation factor (0-1); Cb ϭ relative effectiveness of subsurface residue in consolidation (0-1); Bur ϭ mass density of live and dead roots found in the upper inch of soil (lb acre Ϫ1 in Ϫ1 ); Bus ϭ mass density of incorporated surface residue in the upper inch of soil (lb acre Ϫ1 in Ϫ1 ); cur ϭ calibration coefficient indicating the impact of live and dead roots (acre in lb Ϫ1 ); cus ϭ calibration coefficient indicating the impact of incorporated surface residue(acre in lb Ϫ1 ); cuf ϭ calibration coefficient indicating the impact of soil consolidation on the effectiveness of incorporated residue. For a freshly tilled soil surface (Cf ϭ 1) without any incorporated subsurface residue (Bus ϭ 0) this equation can be reformulated as:
whereby, according to the RUSLE manual (Renard et al., 1997) , Cb equals 0.951 and cur equals 0.00199 acre in lb Ϫ1 . From Figure 10 it is clear that plant roots are capable of reducing interrill and rill erosion rates significantly, given they are present in sufficient amounts, i.e., more than 2 to 5 kg m Ϫ3 . Yet, in many cropland soils, plant root densities, even at the end of the growing season, are often less than 2 kg m Ϫ3 (as measured in central Belgium), or are spatially not evenly distributed. Particularly fields with row crops where the space between the rows is wide (e.g., maize) have a very unevenly distributed root mass density. For these cases, the interrill or rill erodibility factor between the rows should not be corrected for rooting densities.
The soil surface-roughness subfactor (SR) is a function of the surface's random roughness (R) (Renard et al., 1997) . In RUSLE the baseline random roughness is set to 0.61 cm (0.24 inch): this is the condition of the soil surface of a clean cultivated field smoothed by extended exposure to rainfall of moderate intensity.
Figure 9
Soil erosion as influenced by differences in architecture of fine roots under forest in the top 2.5-5 cm of soil Source: based on Dissmeyer and Foster (1985) .
The surface-roughness subfactor is corrected for tillage operation (Rt) and for subsurface biomass density present in the top 10 cm (4 inches) of the soil (Bu). This corrected roughness is called the roughness after biomass adjustment (Ra) (Renard et al., 1997) :
where Ra ϭ soil surface roughness after biomass adjustment (in); Rt ϭ original tillage roughness based on the assumption of ample subsurface biomass (in); Bu ϭ total subsurface biomass density in the top inch of soil (lb acre Ϫ1 in Ϫ1 ), or Bu ϭ Bur ϩ Bus. According to the RUSLE manual, this relationship is mainly valid for high-yielding corn crops, and not for cereal crops.
After adjustment for tillage and biomass of the tilled field, the resulting surfaceroughness subfactor is calculated by:
SR ϭ e 0.66 (Ra Ϫ 0.24)
The surface-roughness subfactor is much more influenced by the roughness provided by tillage of the soil than by the extra roughness provided by the subsurface biomass that is brought to the surface when tilling the soil, as can be seen in Figure 11 (after converting the root density units to kg m Ϫ3 ). The roughness provided by tillage (Rt) determines to a very large extent the order of magnitude of the surface-roughness subfactor. The presence of total subsurface biomass density (Bu) reduces this final SRvalue in an exponential way.
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Figure 10
Influence of root density (RD, kg m Ϫ3 ) in the upper 2.5 cm of soil on the Prior Land Use (PLU) subfactor of the RUSLE model. PLU was calculated for the upper 20 cm (8 inches) of soil with and without tillage operation to a depth of 15 cm (6 inches) using equations (8a) and (8b) Source: based on Renard et al. (1997) .
3 WEPP (water erosion prediction project)
The WEPP soil erosion model is a dynamic simulation model that predicts spatial and temporal distributions of soil loss and sediment deposition from overland flow on hillslopes, from concentrated flow in small channels, and sediment deposition in impoundments (Flanagan and Nearing, 1995) . It includes a plant growth and residue decomposition component that generate information about root densities. Living and dead roots in the top soil are used for adjustment of interrill and rill erodibility parameters for cropland soils. For rangeland soils only rill erodibility and not interrill erodibility is adapted. Although the WEPP model uses equations to adjust interrill and rill erodibility for the presence of plant roots in the topsoil, it is unclear on which experimental data set these equations are based.
For cropland soils, the living and dead root density in the 15 cm topsoil reduces interrill soil erodibility (Ki) equally in an exponential way ( Figure 12A , after transforming the root density units to kg m Ϫ3 ) (Flanagan and Nearing, 1995) :
where ⌬Ki dr ϭ interrill erodibility adjustment for dead roots (cropland soils) (expressed as a fraction of baseline interrill erodibility); ⌬Ki lr ϭ interrill erodibility adjustment for living roots (cropland soils) (expressed as a fraction of baseline interrill erodibility); dr ϭ dead root mass (kg m Ϫ2 ) in 15 cm topsoil; lr ϭ living root mass (kg m Ϫ2 ) in 15 cm topsoil. The combined effects of living and dead roots in the soil results in the largest reduction of interrill erodibility.
Figure 11
Influence of root density (RD, kg m Ϫ3 ) in the upper 10 cm of soil on the surface roughness subfactor (SR) of the RUSLE model, calculated using equations (9) and (10). For these calculations the mass density of incorporated surface residue (Bus; see equations (8) and (9)) was set equal to zero. SR is mainly dependent on roughness after tillage (Rt) and is then corrected for rooting density Source: based on Renard et al. (1997) . (12a) and (12b)). (C) Rill soil erodibility (Kr) of rangeland soils adjusted for root density in 10 cm of soil (based on equation (13)) Source: based on Flanagan and Nearing (1995) .
G. Gyssels et al. 211 Rill erodibility (Kr) for cropland soils is corrected for rooting parameters following ( Figure 12B , after transforming the root density units to kg m Ϫ3 ) (Flanagan and Nearing, 1995) :
⌬Kr lr ϭ e Ϫ3.5 lr (12b) where ⌬Kr dr ϭ rill erodibility adjustment for dead roots (cropland soils) (expressed as a fraction of baseline rill erodibility); ⌬Kr lr ϭ rill erodibility adjustment for living roots (cropland soils) (expressed as a fraction of baseline rill erodibility); dr ϭ dead root mass (kg m Ϫ2 ) in 15 cm topsoil; lr ϭ living root mass (kg m Ϫ2 ) in 15 cm topsoil. Roots have a more pronounced effect on reducing rill erodibility than interrill erodibility of cropland soils ( Figure 12, A and B) .
For rangeland soils, only rill erodibility (Kr) is adjusted for the combination of clay content, organic matter, dry soil bulk density and root density in the top 10 cm soil. This relationship is linear ( Figure 12C , after transforming the root density units to kg m Ϫ3 ) (Flanagan and Nearing, 1995) : Kr ϭ 0.0017 ϩ 0.0024 clay -0.0088 OM -0.00088 b / 1000 -0.00048 root (13) where Kr ϭ rill erodibility for rangeland (s m Ϫ1 ); clay ϭ soil clay content (0-1); OM ϭ organic matter content of the surface soil (0-1); b ϭ dry soil bulk density (kg m Ϫ3 ); root ϭ total root mass in top 10 cm of soil surface (kg m Ϫ2 ). Compared to the soil loss predictions by RUSLE, the soil losses from cropland by rill erosion as predicted by WEPP are more affected by living and dead plant roots (when keeping other controlling factors constant). Using RUSLE, PLU is reduced to 0.13 by a root density of 5 kg m Ϫ3 , whereas according to WEPP such a root density brings the rill erodibility of cropland almost to zero. Yet, for interrill erosion on cropland, soil loss predictions by WEPP are higher compared to the predictions of RUSLE. A root mass of 5 kg m Ϫ3 on cropland reduces the WEPPinterrill erodibility to 0.43. Summarizing, an exponential decrease is predicted by both models, but the exponent of the decrease differs significantly.
VIII Discussion and conclusions
The influence of vegetation on water erosion is a topic that still receives significant attention in erosion studies. For controlling soil erosion, vegetation cover -as a substitute for the integrated action of stems and leaves -seems to be a crucial factor. However, reviewing the influence of plant roots on soil erosion revealed that roots are at least as important. Plant roots were firstly recognized as an essential factor with respect to slope stability. In this domain a combination of deep and dense rooting patterns (as, for example, a mix of small trees, shrubs and grasses) are preferred. However, with respect to water erosion by concentrated flow, a shallow but dense root network seems more effective (e.g., grasses).
Different authors tried to establish relationships between root densities and soil loss or soil erodibility but, since the methods used, parameters measured and experimental setups differ, it is difficult to compare the findings of the different authors that were summarized in Table 3 . Nevertheless, a selection of the different studies was compared in Figure  13 (A and B) , as far as the used root and soil loss parameters were identical. From these graphs and from Table 3 it can be concluded that rooting properties dominantly decrease soil erosion parameters for interrill and rill erosion in an exponential way, according to the equation:
where SEP ϭ soil erosion parameter (e.g., interrill erodibility, rill erodibility); b ϭ constant; RP ϭ root parameter (e.g., root density, root length density). Only a minority of authors describe a different pattern: e.g., rill erodibility in rangeland soils diminishes linearly according to the predictions of WEPP and the data provided by Li (1995) Equations can be found in Table 3 G. Gyssels et al. 213 Grigorev (1998) are best described with a hyperbola. From Figure 13 it can be seen that plant roots are of no significant influence for splash erosion, but their effects on reducing interrill erosion are not unambiguously described. According to Bui and Box (1993) , roots have no effect on interrill erosion, whereas all other authors describe an exponential decline in soil loss with rooting parameters. The decline in soil loss is even more pronounced in case of rill or concentrated flow erosion. In terms of the constant b of equation (14), three domains could be roughly separated: splash, interrill and concentrated flow erosion (Table 4) . Whatever rooting parameter is used, for splash b equals 0. Values of b for interrill erosion are consistently lower than those for rill erosion, although some overlap occurs when RLD is used as root parameter. The exact boundaries of these domains cannot be deduced from the data available, and probably the boundary between rill and interrill erosion is not very sharp.
From these figures it is also clear that for inducing significant reductions in soil loss relatively high root densities are needed. In order to obtain a reduction in soil loss by 50% (interrill and rill) one needs a root density of on average 5 to 20 kg m Ϫ3 ( Figure 13A ). But in many agricultural fields, even at the end of the growing season, rooting densities are lower than these values. Therefore, for reducing rill and ephemeral gully erosion rates in erosion-sensitive areas it is recommended to use plant species that develop a dense root network (i.e., with fibrous roots).
Based on the foregoing discussions a structural model (Figure 14) is made, indicating the relative importance of vegetation cover and plant root density on the different water erosion processes, i.e., splash, interrill, rill and ephemeral gully erosion. This model indicates that, when looking at splash and interrill erosion, only vegetation cover is the most important vegetation parameter controlling soil losses. When studying incisive erosion processes such as rill and (ephemeral) gully erosion, however, one should also consider the influence of the plant roots, because their effect on the possible reduction of soil losses may be at least as important as the influence of the vegetation cover.
The exponential decrease in soil loss with increasing root parameter values ( Figure 13 ) is very similar to the decrease in soil loss with vegetation cover (see Figure 1) . However, a comparison of both plant parameters, i.e., a root parameter and vegetation cover, in order to determine which plant element has the highest impact on reducing soil losses, is impossible because of incomparable units and because many 'cover' studies do not dissociate the effect of vegetative cover from that of root density.
Of course, in different erosion assessment studies, the combined effect of above as well as below ground biomass was measured, and the erosion reduction effect was attributed to stems and leaves. This may well be correct for humid zones, but in certain circumstances the effect of the root biomass will be of more importance than the effect of the aboveground biomass, e.g., after fires, in overgrazed areas, etc. Only Gyssels and Poesen (2003) have tried to make this distinction between the influence of crop roots and shoots on soil losses based on field measurements. They concluded that there is a shift in importance between both with time: in the early plant growth stages roots seemed to be of more importance with respect to reducing soil loss by concentrated flow because the above-ground vegetation mass is still very limited at that growth stage. Once shoots start to develop abundantly, they overrule the effect of the roots in reducing soil erosion rates. If the crops are harvested at the end of the growing season, the vegetative cover protection returns again to zero, whereby the dead roots that remain in the upper soil layer will provide extra resistance to the soil until the field is tilled and planted again. The comparison of the different studies also shows the large discrepancy between data gathered in the field and data obtained from laboratory experiments. Good examples of this discrepancy are found in Figures 4 and 6 , where laboratory-grown plant roots influence the soil shear strength and soil erodibility to a much lower extent than field-grown crops. This discrepancy can be explained by thigmomorphogenesis, a biological term for the changes in the morphology and the mechanical properties of a plant due to constant disturbances such as friction with neighbouring plants or passing animals, wind, rain, changes in soil pressure, etc. (Jaffe and Forbes, 1993) . In short, plants grown in natural conditions will be shorter and stockier with more supportive features (more lignine), and thus stronger. This reaction of the plant to external stresses has very important consequences for soil erosion experiments, because results obtained from experiments with laboratory-grown plants can only indicate trends but cannot be extrapolated to field conditions.
In conclusion, more in-field root research is needed since the current knowledge about root morphology and its impact on soil erosion by water is still rather limited. 
